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Abstract: The selection of an appropriate resilience investment strategy to optimize the operational effi-
ciency of a seaport is a challenging task given that many criteria need to be considered and modelled
under an uncertain environment. The design of such a complex decision system consists of many sub-
jective and imprecise parameters contained in different quantitative and qualitative forms. This paper
proposes a fuzzy multi-attribute decision making methodology for the selection of an appropriate resili-
ence investment strategy in a succinct and straightforward manner. The decision support model allows
for a collaborative modelling of the system by multiple analysts in a group decision making process.
Fuzzy analytical hierarchy process (FAHP) was utilized to analyse the complex structure of the system
to obtain the weights of all the criteria while fuzzy technique for order of preference by similarity to ide-
al solution (TOPSIS) was employed to facilitate the ranking process of the resilience strategies. Given
that it is often financially difficult to invest in all the resilience strategies, it is envisaged that the pro-
posed approach could provide decision makers with a flexible and transparent tool for selecting appro-
priate resilience strategies aimed at increasing the resilience of seaport operations.
Key words: seaport; resilience; FAHP; TOPSIS; decision making
1 Introduction
The selection of an appropriate resilience investment
strategy to optimise the performance effectiveness of
seaport operations is a multiple criteria decision mak-
ing (MCDM) problem, often requiring analysts to
• Corresponding author: Zaili Yang, PhD, Reader.
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provide data in the form of quantitative or qualitative
assessment to analyse the complex structure of the
system. Typically, the selection process usually re-
sults in uncertain, vague and imprecise data being
presented which makes the entire decision making
process difficult and challenging (Kuo et al. 2007).
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In the past few years, the decision making process
has evolved into an increasingly sophisticated ap-
proach that includes expert judgements, cost-benefit
analysis, risk analysis and many other methods for
collaborative design and modelling of the system.
This evolution has led to an improved array and multi-
plicity of decision making aids which have resulted in
the development of multi-criteria decision analysis
(MCDA) tools that offer a scientifically sound deci-
sion analysis framework for group decision making in
a flexible manner (Reichert et al. 2007).
Decision analysis techniques (Reichert et al. 2007)
were originally developed to support individual deci-
sion makers in carefully considering all aspects of
their decisions. However, because these techniques
are used to structure the problem under consideration
and to make clear the expectations about outcomes
and preferences, they can also be used to support
group decisions and communication of decisions re-
garding the operations of a seaport under a fuzzy envi-
ronment (Ananda and Herath 2003; Keeney and Me-
Daniels 1999; Marttunen and Hamalainen 1995).
Therefore, one of the most important aspects of useful
decision support tools under uncertainty is to be able
to provide the ability to handle imprecise and vague
information. Methods that facilitate better and opti-
mum management decisions must account for varia-
tions in decision makers' preferences for attributes
and conflicting interests in a systematic fashion (John
2013) .
As a consequence, numerous studies attempting to
handle this vague and imprecise information have
been carried out by means of fuzzy technique for or-
der preference by similarity to ideal solution (TOP-
SIS) (Chen 2000; Jahanshahloo et al. 2006; Lin and
Chang 2008; Wang and Lee 2007; Yang et al.
2009). Evidently, this might be due to the fact that
fuzzy logic provides the flexibility needed to represent
the vague information resulting from the lack of data
or knowledge under investigation in the analysis while
TOPSIS can reasonably deal with the multiplicity of
attributes. Applications of this method to solve com-
plex MCDM problems have been published in profes-
sional and academic journals of diversified disci-
plines , such as sustainable transportation systems
Andrew John et al.
( Awashti et al. 2011), health care industry
(Bnyukozkan and C;if~i. 2012), barrier selection for
offshore wells (Lavasani et al. 2012), supplier selec-
tion problem, engineering material selection (Rao
and Davim 2008), airline industry (Torlak et al.
2011), weapon selection (Dagdeviren et al. 2009)
and maritime vessel selection (Yang et al. 2011).
The paper is aimed at improving the group decision
making process based on a fuzzy AHP and TOPSIS
approach by proposing a collaborative modelling and
strategic fuzzy decision support system that can aid
decision makers to make effective decisions by selec-
ting an appropriate resilience strategy (RS) to opti-
mise a seaport operation in a straightforward manner.
Based on the review of Wang and Chang (2007) and
Dagdeviren et al. ( 2009), this method is employed
for the following reasons: (a) TOPSIS logic is ra-
tional and understandable; (b) the computational
processes are straightforward; (c) the approach per-
mits the pursuit of the best alternatives for each crite-
rion depicted in a simple mathematical form; (d) the
importance weights are incorporated into the compari-
son procedures.
The remainder of the paper is organised as follows:
Section 2 briefly reviews the literature on MADM
methods, modelling using fuzzy TOPSIS and provides
an analysis of maritime resilience literature; Section 3
describes the methodology of the study; in Section 4 ,
a case study is presented to demonstrate the imple-
mentation of the proposed methodology; Section 5
details the discussion of results and experimental anal-
ysis of the study while the conclusion is presented in
Section 6.
2 Literature review
MCDM encompasses a wide variety of techniques
which belong to different axiomatic groups and
schools of thoughts. Lai and Hwang (1994) cate-
gorise MCDM into two groups that involve multiple
attribute decision making (MADM) and multiple ob-
jective decision making (MODM). MADM methods
are designed to evaluate and select the desired alterna-
tive from a finite number of alternatives, which are
characterised by multiple criteria, while MODM con-
sists of a set of conflicting goals that cannot be
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methods of normalisation in a MADM problem are
(Lavasani et al. 2012):
• Linear normalisation: this approach divides the
rating of n attributes by its maximum value. Usually,
the normalised value of Pi.j can be obtained using
Eq. (2).
Yi,i (2)r., =-.
s,
where Y/ is the maximum value of Yi,j; Pu value ran-
ges from 0 to 1.
• Vector normalisation: this approach divides the
ratings of each attribute by their average, so that each
normalised rating of Yi,i can be obtained by Eq. (3).
The TOPSIS was first proposed and developed by
Hwang and Yoon (1981). The TOPSIS approach
chooses an alternative that is closest to the positive i-
deal solution and farthest from the negative ideal solu-
tion. A positive ideal solution is composed of the best
performance alternative values for each criterion
whereas the negative ideal solution consists of the
worst performance alternative values.
TOPSIS has been successfully implemented in sol-
ving selection and evaluation problems with finite
numbers of alternatives (Boran et al. 2009; Shih et
al. 2007). Additionally, the approach has provided a
logical and systematic basis for human choices in
complex systems' decision making problems because
it can rank finite number of feasible alternatives ac-
cording to the features of each attribute or criterion for
every alternative and to the decision makers' choice.
In the classical TOPSIS method, the weights of crite-
ria and the ratings of alternatives are known as crisp
values. However, in real-life situations it is often dif-
ficult and challenging for decision makers to evaluate
the precise weights of criteria and the ratings of alter-
natives under investigation. As a consequence, the
fuzzy extensions of the TOPSIS approach, which use
linguistic variables represented by fuzzy numbers to
address the inherent imprecision within the evaluation
problems of complex and interdependence systems,
achieved simultaneously.
Moreover, during the collaborative modelling and
decision making process of a large engineering sys-
tem, decision makers have to reconcile group deci-
sions by modifying incomplete evidence or informa-
tion to arrive at a final decision. This is essentially
due to the following reasons (Kuo et al. 2007; Li
and Yang 2004; Yang and Xu 2002) :
• Decision makers having limited information re-
garding the processing capability of the system.
• Group settings in which all participants do not
have equal expertise about the problem domain.
• The criteria consisting of many subjective and
imprecise parameters with non-monetary values.
Therefore, a collaborative modelling of a fuzzy
multi-attribute decision making (FMADM) method is
developed where information about attribute weights is
partially known, and the weights of decision makers
and attributes or criteria values are expressed as trape-
zoidal fuzzy numbers. Decision matrices in MADM
method require comparisons of criteria with respect to
alternatives for efficient trade-offs. In its computa-
tional process, each decision table (also called deci-
sion matrix) has four main parts; these can be sum-
marised as follows (Rao and Davim 2008): (1) al-
ternatives, (2) criteria or attributes, (3) weights and
(4) performance measure of alternatives with respect
to criteria. The basic information in a MADM model
can be expressed in the matrix presented in Eq. (1).
C1 C2 c;
(WI W2 wm )
Al YI.I YI.2 YI,m
A2 Y2.1 Y2,2 Y2.m (1)z= :
An Yn.1 Yn.2 Yn.m
where Ai ( i =1,2 , "', n) is the i1h alternative; Cj (j =
1 ,2 , ''', m) is the l set of criterion with which each
alternative's performances can be measured; Yi,i is
the measure of performance of the ith alternative with
respect to the r criterion; wj is the l criterion
weight. It is essential to emphasize that all the ele-
ments in the decision matrix must be normalised to the
same units so that all the possible attributes in the de-
cision problem can be dealt with easily to eliminate
any computational difficulty. The two most popular
_
----=....:Y,:.!L· j_
Pij = J~Y;.j
2.1 Modelling using fuzzy TOPSIS
(3)
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were developed (Ashtiani et al. 2009; Awasthi et al.
2011; Chen and Tsao 2008; Ebrahimnejad et al.
2009; Jolai et al. 2011; Kuo et al. 2007; Yang and
Hung 2007; Yang et al. 2011).
22 Reslience srateqles for seaport sysems
In the safety-related literatures, resilience has various
definitions due to different perspectives. Wildavsky
( 1988) described resilience in terms of the capacity
of a system or organisation to bounce back after a
mishap. The research characterises resilience as the
capacity to cope with unanticipated dangers after they
have become evident. Reason and Hobbs (2003) de-
fined resilience as the properties an organisation has
which make it more resistant to its operational hazards
while Rosness et al. (2004) defined resilience as the
capacity of an organisation to accommodate failures
and disturbances without producing serious accidents.
Hollnagel et al. ( 2006) defined resilience as the in-
herent capacity of a system to adjust its functioning
prior to changes and disturbances so that it can sustain
operations even after a major mishap or in the face of
continuous disruption. Thus, the implication of these
definitions is that, for a system or an organisation to
be resilient, it must have the following capabilities:
• Anticipate future threats and opportunities.
• Respond to regular and irregular threats in a ro-
bust yet flexible manner.
• Monitor on-going developments.
• Learn from past failures and successes alike.
Since complex systems operations involve uncer-
tainty, security incidents may be characterized by the
exploitation of vulnerabilities in the system to achieve
a certain degree of disruption. Therefore, resilience
can be used as an innovative management strategy to
achieve a high level of safety and security in an un-
certain and dynamic environment. This is because
building and strengthening resilience involves establis-
hing systems that incorporate the range of resilience
strategies detailed in Tab. 1. It also requires certain
institutional capacities to enable these strategies to be
pursued in ways that recognise resilience as a process
that is inherently context specific as discussed by For-
esti et al. (2011) with reference to economic shocks.
Weick and Roberts (1993), and Johnsen (2013)
Andrew John et al.
revealed that the benefits derived from strategic use
and implementation of resilience in complex socio-
technical systems operations can be in the form of:
• Increased focus on proactivity, L e. mindful of
anticipating unexpected and uncertain events that may
disrupt system processes in a systematic fashion.
• Ability of the system to adjust operation in the
face of adverse operational scenarios in order to main-
tain its functionality.
• Ability to prepare for the unexpected in a prag-
matic environment.
Mansouri et al. (2009) revealed that integrating
resilience into the design and operation of seaports can
be potentially costly. However, investigations into
their operations have shown that losing the entire serv-
ice delivery in the face of disruptions could lead to a
long-term consequence. To this end, decision makers
are faced with a high degree of strategic decisions that
involve uncertainty and major resource implications
regarding investment in appropriate resilience strate-
gies in order to improve the performance effectiveness
of their operations.
Evaluation of cost-effectiveness in this regard re-
quires an in-depth and step-by-step cost-benefit analy-
sis based on the utilisation of a risk management algo-
rithm which takes into account the complex and oper-
ational uncertainty of the system (Wang and Trbo-
jevic 2007). More importantly, the selection decision
processes are challenging due to the fact that numer-
ous parameters need to be modelled.
A major source of decision complexity is the inter-
relationship among choices. Strategic decisions in-
volve different levels of granularity (i. e. state or
quality of being composed of many individual pieces
or elements). Mostashari et al. ( 2011) have shown
that conditions for achieving an optimum level of stra-
tegic decisions on resilience in a seaport system in-
volve a thorough understanding of the system. As a
consequence, exploring different decision making
processes (tools, algorithms and approaches) and
structuring a robust yet flexible decision making ap-
proach based on a wide range of issues related to its
design, planning and management will help to opti-
mise the operational efficiency of the systems (Orner
et al. 2012; Rao and Davim 2008).
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3 Methodology
Since the objective of any decision making process
is to obtain the best combination of criteria for rational
decision making, effort needs to be tailored towards
developing, structuring and identifying those criteria
or attributes that influence selection of alternatives.
Thus, risk management models produced for collabo-
rative design and modelling of seaport systems can be
used to provide cognitive decision support for resili-
ence strategy selection. This allows decision makers
to share their strategic concerns and increase their un-
derstanding of the system, appreciating the potential
impact of different alternatives before subsequently ar-
riving at a conclusion during the decision making
process.
A new methodology for the decision making has been
developed for the selection of an appropriate resilience
strategy (RS) for a seaport system's operation. The
framework is presented in Fig. 1, and illustrated
through the following steps:
1. Preliminary system analysis phase.
2. Identify appropriate criteria and alternatives.
3. Rating phase.
4. Evaluate and select appropriate alternatives or
strategies using the selected criteria.
5. Conduct sensitivity study.
These steps are mainly derived from the existing
decision analysis literature. However, the procedure
is a collaborative modelling process for structuring of
decisions in a simplified and straightforward manner.
Based on the developed framework, the stakeholder
involvement aspects are mainly dealt with in steps 1
and 2, whereas steps 3 and 4 are based on scientific
analysis and step 5 involves the validation of the result
obtained from the analysis.
Based on Fig. 1 , DMs stands for decision makers,
RS stands for resilience strategies, FPIS stands for
fuzzy positive ideal solution, FNIS stands for fuzzy
negative ideal solution, CR stands for consistency ra-
tion, DAA stands for degree of average agreement,
DRA stands for degree of relative agreement, DCC
stands for degree of consensus coefficient and (3 re-
presents the relaxation factor of the proposed ap-
proach.
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RS
s
Enhancing the use of the Vessel Traffic Management System
(VTMS) .
Hardening infrastructure systems: this can be done during the
RS
3
design and construction phase to promote structural integrity
and enhance the resilienceof the system to man-made and nat-
ura! hazards.
Creating modularity in systems: this can be achieved by build-
ing systems that can easily be separated and recombined.
Based on the above analysis, since disruption events may im-
pact only on certain parts of the system, modularity reduces
the susceptibility of the system by the ease with which these
pans can be separated for repairs and replacement.
RS1 Properallocationof resources to the variouscomponentsof the
system to enhance its operations.
Implementing policies that manage the consequences of threats
and facilitate the recovery procedures through a collaborative
effort between the multiplicityof stakeholders in the systemfor
an efficient information flow.
Descriptions
Tab. 1 Description of each resilience strategy (RS)
Robust enforcement and implementation of the international
ship and port security ( ISPS) code.
Provide redundancy systems: these can be in the form of par-
allel systems that can be designed and constructed to resume
operation when the original system fails. These extra facilities
may be in the form of floating harbour cranes with or without
quays for making them operable in the event of an attack.
RS
RS,
RS
8
Investing in container trackingtechnologywith higher reliabili-
ty and accuracy of operation.
Increasestaffingin safety critical areas and prioritisetrainingin
order to increase knowledge. experience, flexibility and re-
dundancy. This requiresmanagementactions to increasebudg-
ets and staffmg to accommodate high capacity tolerance of the
system.
Making the seaport infrastructure system more cognitive ( i. e.
able to perceivechanges that occur in it, select a course of ac-
tion to deal with the current situation and finally track the sys-
tem behaviour for an enhanced and improved operation) .
Reorganization of logistic operations of warehousing and pro-
duction.
crete problems (Wang et al. 1995) . Due to their eas-
iness of use, trapezoidal fuzzy numbers are usually
used to describe the linguistic variables allocated to
the criteria and the alternatives by the experts based
on a common interval [0, 1] .
In fuzzy set theory, conversion scales are applied to
transform the linguistic terms of experts into fuzzy
numbers for system modelling and analysis. In line
with the conversion scale proposed by Chen and
Hwang (1992), this study adopts a similar approach
for the rating of criteria with respect to alternatives.
As presented in Fig. 2, both the performance score
( x ) and the membership degree (JL (x» are in the
range of 0 and 1.
32 Identify appropriate criteria and alternatives
This section identifies the decision making problem
that requires the application of collaborative modelling
and strategic MADM; it classifies the goals and scope
of the problem, and obtains relevant information
through a robust literature review and brainstorming
session with the various experts involved with the op-
erations of a seaport system. Detailed information re-
garding the preliminary system analysis phase can be
seen in Section 4. 1.
The rating phase deals with the calculations of ex-
perts' weights, the criteria's weights with respect to
the alternatives and the defuzzification of the weights
and normalisation of the decision matrix with respect
to the goal. In order to obtain raw data as precisely as
possible for ranking, the ratings of alternatives can be
evaluated by different sets of linguistic variables when
the relevant objective data is unavailable. However,
such linguistic descriptions defme each criterion to a
discrete extent, so they can at times be inadequate.
Fuzzy set theory is well suited to modelling such sub-
jective linguistic variables and dealing with the dis-
3.3 Rating phase
3.1 Preliminary syaem analysisphase
In the second step, potential alternatives associated
with the decision making problem are defined while
dominant criteria that must be satisfied to accomplish
the overall objective of the study are also assigned.
Obviously, the core of decision making is to rank all
alternatives in a prioritised list by assessing them using
input data with respect to each criterion. A list of al-
ternatives and their descriptions are identified and
presented in Tab. 1 for the collaborative modelling and
decision making. The strategies or alternatives are
chosen because they are regarded as the most signifi-
cant ones associated with schemes aimed at enhancing
a seaport operation. The selection of such strategies is
based on extensive discussions with experts in the area
of maritime operations and the study of resilience op-
timisation of critical maritime infrastructure systems
(John 2013; Orner et al. 2012; Mansouri et al.
2010) .
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Fig. 2 Membership degrees for linguistic grades
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tenon and its corresponding trapezoidal fuzzy number
(TFN), as modified and adopted from An et al.
(2007), it is used in this study for the purpose of
weighting factor estimation.
High Very highMediumVery low Low
1.0
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0.6
'"~ 05
'" .
0.4
0.3
0.2
0.1
The triangular fuzzy numbers in Fig. 2 are conver-
ted to trapezoidal fuzzy numbers for the ease of com-
putational analysis so that the information can be re-
presented in a concise and friendly manner, as shown
in Tab. 2.
Tab. 2 Fuzzy linguistic numbers for alternative grades
Tab. 3 Triangular fuzzy numbers
Linguistic term
Very low
Low
Medium
High
Very high
Trapezoidal fuzzy number
(0,0,0.1 ,0.2)
(0 .1,0.25,0.25,0.4)
(0.3,0.5,0.5,0.7)
(0 .6, 0.75, 0.75, 0.9)
(0 .8,0.9,1,1)
Grade/level
of importance
1
3
5
7
9
Strength of importance
in linguistic scales
Equally important
Weakly important
Strongly important
Very strongly important
Absolutely important
Scaleof triangular fuzzy
number (L, M, U)
( 1,I ,2)
(2,3,4 )
(4,5,6)
(6,7,8)
(8,9,9)
(6)
(5)
3.3.1 Calculate the weight of criteria usng fuzzy
analytical hierarchy process (FAHP)
When considering a group of attributes for evaluation,
the main objective of the technique is to provide
judgements on the relative importance of these attrib-
utes and to ensure that the judgements are quantified
in such a manner that permits simplified quantitative
interpretation (Pillay and Wang 2003). In determi-
ning the weight of an attribute, an expert's judgement
is in the form of pair-wise comparisons based on an
estimation scheme, which lists the intensity of impor-
tance using linguistic terms. Furthermore, each lin-
guistic term has a corresponding triangular fuzzy num-
ber and can be presented by Eq. (4).
ax = (L,M,V) (4)
where L, M and V stand for lower, middle and upper
parameters of triangular fuzzy number as shown in
Tab, 3. Tab. 2 shows the linguistic variables for a cri-
Suppose there are n experts or decision makers with
equal weights, the elements in a fuzzy pair-wise com-
parison matrix can be modelled as follows
aiJ =( ~ )® (e: J ED e~J ED ...ED
e~J ED ...ED e~J)
1
ai ,; --aiJ
where aj,i is the relative importance by comparing
events i and j; e~J represents the kth expert judgement
in TFN format.
For a n x n fuzzy pair-wise comparison matrix, A
can be obtained as follow
al,l a l,2 a1,n
A
a 2,l a 2,2 a 2,n (7)=
an,l a n,2 an,n
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(14 )
Classification Score
Seniormanager 5
Juniormanager 4
Seniorengineer 3
Juniorengineer 2
Technician 1
~30 years 5
20-29 years 4
10-19 years 3
3-9 years 2
S3 years 1
PhD 5
Master 4
Bachelor 3
lIND/OND 2
School leaver 1
•
.IWeight score of s,
,=1
where IP stands for industrial position; ST and AQ re-
present service time and academic qualification of the
domain experts respectively.
Service time (ST)
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
3.3.2 E&imating weights of experts
The weights of experts are determined using the Del-
phi method (Tab. 5 ). Then ,an attribute-based ag-
gregation method for grouping experts' judgement is
employed. Aggregation is necessary only for the sub-
jective attributes. After assigning a weight for each
expert, all the ratings are aggregated for each subjec-
tive attribute. As an example, if an expert is more
experienced and" better" than others due to his or her
knowledge proficiency during a group decision mak-
ing session, he or she is given a greater score. Ac-
cordingly, the weight of the expert can be determined
in a simplified manner. For instance, let E1 , E2 ,
E], "', E., be scores of experts. Based on Eqs.
(13) and (14) , the weighting score and factor of ex-
perts can be determined as follows
Weight score of E, = IP score of E, + ST score of
s, + AQ score of e, (13)
Weight score of EjWeight factor of s,
n 2 3 4 5 6 7 8 9 10
Academic qualification (AQ)
Constitution
Tab. 5 Weightingscores of experts
Industrial
position (IP)
Tab. 4 Values of RI versus matrix orders
(8)
(9)
(12)
(11 )
CI =Amax - n
n -1
DF",;
LDF",;
In order to control and ensure accuracy in the re-
sult of the method, the consistency ratio for each of
the matrices needs to be analysed. The approximate
consistency ratio (CR) is used to estimate the con-
sistency of the pair-wise comparisons as follows
(Saaty 1990)
CR =CI/RI
where CI stands for consistency index; RI stands for
average random index (Tab. 4); n stands for matrix
order; Amax stands for maximum weight value of the
n-by-n comparison matrix.
When CR is less than O. 10 the comparisons are ac-
ceptable; otherwise, they are not acceptable and
should be revised in order to obtain a consistent opin-
ion (Pillay and Wang 2003) .
The weight factors of each element in the hierarchy
can be computed using the geometric mean technique
(Buckley 1985).
- ( - tV\ - tV\ tV\ - ) 11.r j = aj,l ~ a j,2 ~ ...~ o.,
Wi =ri ® (1"1 EB ... EB '.) -I
- (-L -c m -U)Wj = W j ,Wi ,Wj
where ii j , . is the fuzzy comparison value of criterion j
to criterion n; r, is the geometric mean of the jib row
in the fuzzy pair-wise comparison matrix; Wi is the
fuzzy weight of the jib criterion of a TFN (Tab. 3 ) ;
w~ , w~ and w: are the lower, middle and upper values
of the fuzzy weight of the jib criterion respectively.
The geometrical mean obtained from the triangular
fuzzy weight using Eq. (9) needs to be defuzzified
into a crisp weight factor using an approach derived
by Tang and Tzeng (1998).
The defuzzified mean value DF",. for (w~, w~,
I
w:) , can be obtained as follow
( w~ - w~) + (w~ - wL )
DF- = " " ( 10)
W; 3 + wL
I
The normalised weight of the jib attribute can be ob-
tained using Eq. (11).
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3.3.3 Aggregation pha!iB
When carrying out a collaborative modelling of a
large engineering system, experts may have different
opinions; it is therefore necessary to aggregate these
opinions in a logical, systematic and simplified man-
ner. In line with the modelling approach presented in
Hsu and Chen (1994) where a heterogeneous/homo-
geneous group of experts are used, based on their ex-
pertise, each expert Er ( r =1 ,2 ,3 , ... , m) expresses
his or her opinion on a particular criterion by a set of
linguistic variables which are described by fuzzy num-
bers. The aggregation of the experts' judgement can
be obtained as follows:
1. Calculate the degree of agreement (degree of
similarity) S.) 8. ,8v) of the opinions 5. and 5v of a
pair of experts E. and s, where s; (5. ,5v ) € (0, 1).
Based on this approach, X= (aI' az ,a3,a4 ) and Y =
t b, , bz , b3 , b4 ) are trapezoidal fuzzy numbers. The
degree of similarity between these two fuzzy numbers
can be evaluated by the similarity function S defined
as follow (Hsu and Chen 1994)
4S(X,Y)=I-~~laj-bil (15)
where S( X, Y) € ( 0 , 1 ) , it is important to mention that
the larger the value of S( X, Y), the greater the simi-
larity between two fuzzy numbers of Xand Y respec-
tively.
2. Calculate the degree of average agreement
(AA) of expert E.; this can be obtained as follow
1 n
AA(EJ =N_l'IS(5.,5v) (16)
.;o'v
v =,
degree of an expert is the same as his or her impor-
tance weight. The consensus coefficient degree of each
expert is a good measure for evaluating the relative
worthiness of judgement of all experts participating in
the decision making process. It is the responsibility of
the decision maker to assign an appropriate value of f3.
f3 is considered to be O. 75 in this study because the de-
gree of importance of each decision maker is more im-
portant than his or her relative agreement degree.
S. The expert aggregated judgement RAG can be ob-
tained as follow
RAG =CC(E1 ) x RI + CC(e,)X Rz+ ... +
CC(En ) x Rn (19)
where Rj(i =1 ,2, ···,N) is the subjective rating of a
given criterion with respect to alternative from ex-
perts.
3.3.4 Defuzzifying pha!iB
In order to rank the alternatives of the decision prob-
lem, all aggregated fuzzy numbers must be defuzzi-
fied. Due to its ease of use when compared with other
techniques such as that suggested by Chen (2000),
the centre area defuzzification technique proposed by
Sugeno (1999) is used in this analysis. Each element
of matrix Xi =(a1 , az , a3, a4 ) can be converted to a
crisp value using Eq. (20).
f2 _x_-_a_,xdx + ("3 xdx + r' _a_4 -_x_xdx
X. =_J0....:..I_a-=.Z_-_a....:.I L_02=--__L....::.03_a....:.4_-_a....::.3_ =
f2 _x_-_a_1 dx + J".l dx + r' _a_4 -_x_dxJ01 a2- a, 02 J03 a4- a3
(a4 +a3)Z-a4a3- (a l +az)Z +a1az
3(a 4 + a3- a1- az )
Selection of an appropriate RS often requires analysts
to provide both quantitative and qualitative assess-
ments of each alternative with respect to each criteri-
on. A modelling approach that will handle uncertain,
imprecise, indefinite and subjective data that often re-
sults from such assessments in a flexible manner is re-
quired. As a consequence of that, this study utilises a
FfOPSIS algorithm (Chen 2000; Jahanshahloo et al.
2006; Wang and Lee 2007; Lin and Chang 2008;
Yang et al. 2009) due to the fact that fuzzy sets
might provide the flexibility needed to represent the
vague information resulting from the lack of data or
3.4 Evaluation and selection phase
(17)N
'I AA(E.)
• =1
4. Calculate the consensus coefficient (CC) degree
of expert E., this can be analysed as follow
CC(EJ =f3 xw(E.) + (1-f3)xRA(E.) (18)
where f3 ( 0 -s f3 $. 1) is a relaxation factor of the pro-
posed approach, it highlights the importance of
weight of expert w(E.) over RA (E.). It is impor-
tant to note that when f3 =0 , no importance has been
given to the weights of experts, thus, a homogeneous
group of experts is used. When f3 =1 the consensus
3. Calculate the relative agreement (RA) degree
RA( E.) of the experts, this can be obtained as follow
RA(E.) = AA(E.)
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knowledge, and TOPSIS can reasonably deal with the
multiplicity of the criteria in order to rank the alterna-
tives based on the aggregated decision matrix and
weight vector analysis. To carry out the assessment,
consider n possible alternatives AI, A2 , A3 , " ' , A.
from which y decision makers Zy =(1 , 2 , 3, "', y )
have to make a credible decision on an appropriate re-
silience strategy on the basis of m sets of criteria CI ,
C2, C3 , "', Cm' The decision support procedure is a-
chieved through the following steps:
Step 1: Establish a fuzzy decision matrix: This step
involves choosing appropriate linguistic variables for the
alternatives with respect to criteria. Suppose the fuzzy
aggregation number or rate of alternative Ai(i =1,2,. .. ,
n) for criteria C/j =1,2,"',m) is t j , therefore, TOP-
SIS can be expressed in a matrix format as follow
CI C2 c;
AI [tu tl2
A2 t21 t22
Z =(tj ) mx. =: :
A. t.1 tn2
where matrix Z is composed of n alternatives and m
criteria.
Step 2: Normalize the fuzzy decision matrix: Since
n criteria may be measured in different ways, the de-
cision matrix z needs to be normalised. This step
transforms various criteria dimensions into non-dimen-
sional units, which allows for comparisons across the
criteria. The normalised decision matrix can be ob-
tained by using Eq. (3) .
CI C2 Cm
A'['" '12 r,.]2 '21 '22 '2m (22)R = (,ij) mX. =: :
. .
A. '.1 'n2 '.m
Step 3: Establish a weighted normalized fuzzy de-
cision matrix: The weighted normalised decision ma-
trix can be established by multiplying each element 'ij
by its associated weight W i:
Vj = 'ij X Wi (23)
Step 4: Compute the fuzzy positive ideal and nega-
tive ideal solutions (FPIS and FNIS): Let FPIS
(A +) and FNIS (A -) be defmed in terms of the
weighted normalized values
Ahdraw John at aJ.
(24)
v: = Imax ( Vij) .iej., min( Vjj) .iei, f (25)
(26)
vj- = !min(vj),iejd max(vij),iej21 (27)
where j 1is the set of the benefit attributes; j2is the set
of the cost attributes.
The distance of each strategy from FPIS (Dt) and
FNIS (Dj- ) can be obtained by utilising Eqs. (28)
and (29) respectively.
•
D: = L '», _V;)2 (28),
i=1
•
D-: = L (vij _Vj-)2 (29), j=1
Step 5: Compute the closeness coefficient of each
alternative: The closeness coefficient CCj represents
the distance to the FPIS and the FNIS simultaneously.
The closeness coefficient of each alternative can be
calculated as follow
Dt
CC j = + (30)o, «o;
Step 6: Rank the alternatives: the different alterna-
tives are ranked according to the closeness coefficient
CC; in a decreasing order. It is important to note that
the best alternative is closest to the FPIS and farthest
from the FNIS. This means that the larger the CCi,
the better the associated alternative.
3.5 Conduct a sensitivity study
Conducting a sensitivity study is an important aspect
of the novel hybrid methodology presented in this pa-
per, as it is meant to provide a reasonable amount of
confidence in the overall result of the study (John
2013). Given that the fmal output result is dependent
on subjective judgements of the decision makers, the
stability of the final ranking under varying the criteria
weights need to be observed. Therefore, it is essential
to conduct sensitivity study based on a set of scenarios
that reflect different views on the relative importance
of the criteria weights. In light of the above, a sensi-
tivity study provides information on the stability of the
ranking. If the ranking order is highly sensitive to
small changes in the criteria weights, a careful review
of the weights is recommended.
Based on Buyukonzkan and <;if~i (2012), Ayag
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and Ozdemir (2009) , Chang et al. ( 2007) and Wu
et al. ( 2007 ), sensitivity study is performed by in-
creasing the weight of each criterion individually ac-
cording to the results obtained from FAHP calculation
steps. Then, with these different scenarios, fuzzy
TOPSIS steps are performed and the final results are
observed.
4 Test case
This test case is used to illustrate how the methodolo-
gy can be implemented to select an appropriate RS in
order to optimize a seaport operation in Europe. The
phases of the proposed approach as presented in Sec-
tion 3 have been illustrated in a step-wise manner as
follows.
4.1 Preliminary 9y'Sem analyssphase
This phase of the analysis involves the identification
of the decision making problem through a robust liter-
ature review and brainstorming session conducted with
decision makers, and the classification of goals and
scope of the problem are made.
4.1.1 Identification of the oeason manng prob-
lem
The operations of a seaport system involve a complex
interplay among technology, humans, organisational
and external factors (i. e. components of different
types and different levels of detail), thus entailing a
number of new and unexpected interactions and failure
modes.
There are several factors impacting on the perform-
ance of a seaport system as discussed by John
( 2013 ). These factors have uncertain or linguistic
properties. Also, it is very challenging to select an
appropriate RS to enhance the performance of the sys-
tem due to the several criteria that need to be consid-
ered. Therefore, there is a need for a fuzzy decision
support system that will guide effective decisions in a
transparent manner.
4.1.2 Oaggfication of goalsand s;ope
This step involves structuring the decision problem in
a hierarchical order with the goal of the decision prob-
lem in levell, criteria in level 2 and alternatives in
level 3, as presented in Fig. 4. The proposed model is
applied to a real-world problem for decision making in
the selection of an appropriate resilience investment
strategy for seaport operation.
4.2 Identification of appropriate aiteria and al-
ternatives
This phase of the analysis involves a robust literature
search and face-to-face brainstorming sessions con-
ducted with groups of experts to identify the likely
criteria and alternatives that can be represented in a
hierarchical structure for evaluating the degree of their
importance. In light of the above, a set of question-
naires were prepared and implemented.
4.2.1 Identification of potential alternatives
Following a collaborative/brainstorming session con-
ducted with a group of three experts whose back-
grounds are presented in Section 4. 3. 1, and the ro-
bust literature review on RS of seaport systems, elev-
en alternatives were established for this analysis and
presented in Tab. 1.
4.2.2 Agggnment of the moe cignificant criteria
Based on the expert opinions, the criteria or attributes
that are critical to enhancing the resilience perform-
ance of critical maritime infrastructure such as a sea-
port system are summarised as follows:
• Operational cost including repair and mainte-
nance cost (Vugrin et al. 2011).
• Investment cost (Mansouri et al. 2010).
• Recovery cost (Vugrin et al. 2011).
• Safety (Hollnagel et al. 2006; Wang and Trbo-
jevic 2007) .
• Security (Mansouri et al. 2009).
• Reliability (Dalziell and McManus 2004; Jack-
son 2009; Mostashari et al. 2011).
• Consequence (Nair et al. 2010).
• Operating time (Orner et al. 2012).
It is evident that the criteria used for the selection
procedure consist of two main categories; these are
cost (C) (the lower the value, the more effective the
alternative) and benefit (B) (the higher the value,
the more resilient or effective the alternative). As a
consequence, the cost-type criteria include operational
cost, investment cost, recovery cost, operating time
and consequences, while the benefit-type criteria con-
sist of safety, security and reliability. These criteria
are described in Tab. 6.
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Tab. 6 Criteria for resilience strategy selection
Description
Criteria
of criteria
Type of
assessment
Definition Category
to mention that RS selection can be made with respect
to five cost and three benefit criteria.
Levell: objective Level2: criteria orattnbutes Level3: alternatives
B
C
B
C
C
C
C
B
Ability to perform
the required service
accurately and de-
pendably.
Safety offered by
the infrastructure sy-
stems.
Cost attributed to
recovery activities
of the infrastructure
systems after dis-
ruption.
Loss due to loss of
infrastructure ,
damage to environ-
ment or injury to
personnel.
Costs to operator
for running/main-
taining infrastruc-
ture systems.
Security from ter-
rorist and other ma-
licious act offered
by the infrastructure
system.
Cost attributed to
periodduringwhich
infrastructure is wo-
rking effectively.
Costs to procure or
replace infrastructure
foroperational use
Real data
Real data
Linguistic
assessment
Linguistic
assessment
Linguistic
assessment
Linguistic
assessment
Linguistic
assessment
Linguistic
assessment
Security
Recovery
Cost
Conse-
quence
Safety
Operating
time
Operating
cost
Reliability
Investment
cost
4.2.3 Developing a hierarchical sf7Jcture
Based on the available information in Tabs. 1 and 6, a
hierarchical relationship has been developed in three
different levels and is presented in Fig. 4.
Figure 4 shows the relationship of the decision
problem in such a manner that the goal of the problem
is placed in the first level and the criteria are placed in
the second level, while the decision alternatives are
put at the third level. Apparently, this representation
is made to simplify the computational complexity as-
sociated with the analysis and to provide managerial
insight to decision makers in a reasonable manner pri-
or to their subjective evaluation of criteria with respect
to the alternatives.
On the basis of the above criteria, it is noteworthy
Fig.4 Hierarchical structure of resilience investment strategy
4.3 Rating phase
This phase of the analysis involves the calculation of
weights of criteria and experts as previously discussed
in Section 3. 3, and also the assessment of the criteria
or attributes used for the analysis. Basically, there are
two types of criteria for a selection problem involving
complex networks of decision making. If an assess-
ment of criteria is made with respect to alternatives
from field data, the criteria are called objective crite-
ria and when such data is obtained using expert judge-
ment in the form of fuzzy linguistic estimates, the cri-
teria are called subjective criteria.
The rating for the objective criteria (i. e. invest-
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ment cost and operating cost) need not be estimated
and aggregated by experts as it is obtained from field
data. Each subjective criterion is assessed with respect
to each alternative by a group of three experts or deci-
sion makers (DMs) , and their assessments are pres-
ented in Tab. 7.
Tab. 7 Linguistic assessment or criteria with respect to alternatives
DM1
RS7
Recovery cost
Safety
Security
Reliability
Operating time
Consequence
Recovery cost
Safety
Security
Operating time
Reliability
Consequence
Recovery cost
Safety
Security
Reliability
Operating time
Consequence
M
H
H
H
H
H
M
H
VH
VH
VH
H
H
M
VH
VH
H
H
H
H
H
H
H
H
VH
H
H
H
VH
M
H
VH
L
VH
VH
M
L
H
VL
VH
M
VH
M
VH
M
L
H
H
M
H
H
H
M
H
L
L
H
L
H
M
M
M
H
M
M
H
L
L
VH
H
H
M
M
VH
M
M
VL
H
VH
M
VL
VL
H
VH
H
M
H
VH
VL
H
M
H
VH
H
M
VH
DM2
L
M
M
M
M
M
DM3
L
VH
H
H
M
VH
VH
M
M
VH
H
M
RS7
M
H
H
M
H
H
VH
VH
H
VH
H
VH
H
H
VH
M
VL
L
H
VH
VH
VL
VH
L
M
M
VH
H
M
M
L
H
L
VL
H
VL
L
L
M
M
M
L
M
M
L
M
H
L
H
H
M
M
H
H
VH
M
H
M
M
M
H
L
VH
VH
M
H
H
L
H
VH
VH
M
H
H
H
VH
H
H
H
VL
M
H
H
M
Note: VL, L, M, H and VH stand for very low, low, medium, high and very high respectively.
4.3.1 E!!timating vveights of experts and criteria
Based on the available information in Section 3. 3. 1
and by using Eqs. (13) and (14) , the weights of the
experts can be calculated. The industrial positions,
service times, and academic qualifications of the ex-
perts or DMs are extracted from Tab. 8. By using
Eqs. (13) and (14), the weights of the experts are
calculated and presented in Tab. 8.
Tab. 8 Weights or expert judgements
Decision makers
DM1
DM2
DM3
Total
Industrial position
Senior manager
Seniormanager
Junior manager
Service time
>30 years
>30 years
>30 years
Academic qualification
Master
PhD
Bachelor
Weighting factors
5 +5 +4 =14
5 +5 +5 =15
4 +5 +3 =12
41
Experts' weights
.!.±. = 0.34
41
~ = 0.37
41
Q. = 0 2941 .
To estimate the weights of all the criteria for the a-
nalysis, FAHP is 'employed. Five linguistic terms
presented in Tab. 4 are used for this analysis. An 8 x
8 pair-wise comparison matrix is developed to obtain
the various weights of the criteria. Three experts with
the following backgrounds evaluated the relative im-
portance of each criterion, and a pair-wise compari-
son matrix was formulated based on the experts'
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judgement:
• A senior manager with a master's degree who
has been involved with port safety and operational
services for over 30 years.
• A senior manager with a PhD degree who has
been involved with maritime and port operational
management for over 30 years.
• A junior manager with a bachelor's degree in
maritime transportation systems who has been in-
volved with maritime operations for over 30 years.
For example, the three experts made the following
comparisons of C1 with C2 • One expert's estimation
was between "equal and weak importance", corre-
sponding to the triangular fuzzy number (TFN) (1,
2,3). The second expert's evaluation was "equal im-
portance" with TFN as (1,1,2), While the third ex-
pert judgement was "strong importance" , which cor-
responds to TFN of (4, 5 ,6 ). The experts'estimates
can be synthesized by utilising Eqs. (5) and (6) to
obtain a12 and Q21 , as presented in Tab. 9. The consis-
tencies of the experts' judgement are measured by ap-
plying Eq. (12) , and the CR values were found to be
acceptable (0. 021 ). Accordingly, by using Eqs.
( 10) abd (11), the weights of the criteria can be
calculated as follows
al ,2 = (0.34 x (l ,2,3) <:80.37 x (l,1 ,2) <:80.29 x
Andrew John et al.
(4,5,6» = (1. 29,2.5,3.5)
1 1
a2 ,1 = a
l
2 = (1. 29,2.5,3.5) =(0.29,0.4,0. 78)
1'1 =((l ,1,1) (8) ( 1. 29,2.5,3. 5) (8) (0.95,2. 17,
3.5) (8) (0.29,1.17,2.17) (8) (1.17,1.84,
2.84) (8)(2.95,4.5,5.5) (8)(1.29,2.5,3.5) (8)
I(1.62,3.17,4.17»8 = «1 x1.29 xO.95 x
I
O. 29 x 1. 17 x 2. 95 x 1.29 x 1.62) 8 , (1 x 2. 5 x
I
2.17 x 1.17 x l, 84 x4. 5 x2. 5 x3.17)8,(1 X
I
3.5 x3.5 x2.17 x2.84 x5.5 x3.5 x4.17)8)
1'1 = (1.12,2.13,2.97),1'2 =(1.10,2.00,2.71)
1'3 = (1. 00,1. 59,2.47), 1'4 = (0. 83,1. 26,2.05)
'5 = (0.70,0.98,1. 47) "6 = (0.45,0.61,0.81)
1'7 =(0.40,0.52,0.81),1'8 =(0.29,0.38,0.66)
R ='1 +'2 +'3 +'4 +'5 +'6 +'7 +'8 = (5. 89,9.47,
13.95)
_ "1 (1.12,2.13,2.97) ( 1.12 2.13 2.97)
WI =R = (5.89,9.47,13.95) = 13.95'9.47'5.89 =
(0.08,0.22,0.50)
The obtained results are presented in Tab. 10.
Based on the FAHP calculation process, reliability is
considered the most important criteria while operating
time is considered to be the least important, as pres-
ented in Tab. 9.
1 ,I ,I
Tab. 9 Pair·wise comparisons table results
1.29,2.5,3.5 0.95,2.17,3.5 0.29,1.17,2.171.17,1.84,2.84 2.95,4.5,5.5 1.27,2.5,3.5 1.62,3.17,4.17
C2 0.29,0.4,0.78 1,1,1 0.62,2.17,3.17 1.29,2.5,3.5 1.95,3.17,4.17 1.95,3.5,4.5 2.62,4.17,5.17 0.95,2.5,3.5
C3 0.29,0.46,1.100.32,0.46,1.61 1,1,1 1.95,3.5,4.5 1.5 ,2. 5 ,3. 5 3,4,5 1.29,2.5,3.5 0.95,2.17,2.84
C4 0.46,0.85,3.45 0.29,0.4,0.78 0.22,0.29,0.51 1,1,1 0.95,2.5,3.5 2,3,4 2,3,4 2,3,4
Cs 0.35,0.54,0.850.24,0.32,0.51 0.29,0.4,0.67 0.29,0.4,1.05 1,1,1 2,3,4 2,3,4 1.95,3.5,4.5
C6 0.18,0.22,0.240.22,0.29,0.51 0.2,0.25,0.33 0.25,0.33,0.5 0.25,0.33,0.5 1,1,1 1.62,3.17,4.17 1. 95,3.5,4.5
C7 0.28,0.4,0.78 0.19,0.24,0.38 0.29,0.4,0.78 0.25,0.33,0.5 0.25,0.33,0.5 0.24,0.32,0.62 1,1 ,I 3,4,5
c, 0.23,0.32,0.62 0.29,0.4,1.05 0.35,0.46,1.05 0.25,0.33,0.5 0.22,0.29,0.510.22,0.32,0.62 0.2,0.25,0.33 1,1,1
4.3.2 Aggregation of SJbjective criteria ratings
with re~ect to alternatives
This stage of the analysis involves a series of aggrega-
tion calculations of criteria ratings with respect to al-
ternatives. Since decision making on RS involves
complex networks of group decision making in a fuzzy
environment, it is important to aggregate the opinions
of the experts in order to arrive at a consensus and
reliable result. Aggregation calculations are conducted
using Eqs. (15) -( 19) for the experts' judgement on
recovery cost with respect to RS1 , as seen in Tab. 11.
As a consequence, similar calculations were conduc-
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ted on the other attributes and their fuzzy estimates are Tab. 11 Aggregation calculation for recovery
presented in Tab. 12. cost with respect to RS\
DMI M 0.3,0.5,0.5,0.7
Tab. 10 Weights of criteria DM2 M 0.3,0.5,0.5,0.7
Criteria Fuzzy weight Defuzzified Normalised DM3 H 0.6,0.75, 0.75,0.9
weight weight
Reliability WI =(0.08,0.22,0.50) 0.1818 0.222 S(DM1&2) = 1. 00 AA(DMl) =0.875
Safety w2 =(0.08,0.21,0.46) 0.1656 0.203 S(DM1&3) = 0.75 AA(DM2) =0.875
Recovery cost wJ =(0.07,0.17,0.42) 0.1466 0.179 S(DM2&3) = 0.75 AA(DM3) =0.75
Consequence w4 =(0.06,0.13,0.35) 0.1176 O.144 RA(DMl) = 0.35 CC(DMl) = 0.343
RA(DM2) = 0.35 CC(DM2) =0.365
Operating cost Ws =(0.05,0.10,0.25) 0.0820 O.101 RA(DM3) = 0.30 CC(DM3) =0.293
Weight of DMI 0.34
Investment cost w6 =(0.03,0.06,0.14) 0.0462 0.057 Weight of DM2 0.37
W, =(0.03,0.05,0.13)
Weight of DM3 0.29
Security 0.0396 0.049
Aggregation result of
Ws =(0.02,0.04,0.11)
recovery cost with re- (0.388,0.573,0.573, 0.759)
Operating time 0.0364 0.045 spect to RSI
Tab. 12 DecIsion matrix
RS, RSs
(0.39,0.57, (0.671,0.803, (0.23,0.42, (0.17,0.34, (0.57,0.72, (0.17,0.33, (0.63,0.77, (0.51,0.677, (0.16,0.32, (0.67,0.80, (0.6,0.75,
CI 0.57,0.76) 0.838,0.935) 0.42,0.60) 0.34,0.50) 0.76,0.87) 0.33,0.50) 0.83,0.89) 0.68,0.84) 0.32,0.49) 0.84,0.94) 0.75,0.9)
lCXXXXXl 82lXXlO 6HW) 15<XXXXl 1:mxxJ 2CXXXXXl 750000
(0.73,0.85, (0.46,0.61, (0.29,0.41, (0.66,0.79, (0.50,0.67, (0.56,0.71, (0.50,0.67, (0.17,0.34, (0.56,0.71, (0.51,0.68,
CJ (0.8, 0.9, 1, 1)0.92,0.97) 0.61,0.76) 0.45,0.60) 0.82,0.93) 0.67,0.83) 0.75,0.86) 0.67,0.83) 0.35,0.51) 0.74,0.86) 0.68,0.77)
(0.73,0.85, (0.733,0.85, (0.67,0.80, (0.32,0.49, (0.56,0.71, (0.49,0.66, (0.73,0.85, (0.57,0.72, (0.3,0.5, (0.44,0.62, (0.67,0.80,
C4 0.92,0.97) 0.917,0.967) 0.83,0.93) 0.49,0.66) 0.74,0.86) 0.66,0.83) 0.91,0.96) 0.76,0.87) 0.5,0.7) 0.64,0.79) 0.83,0.93)
(0.66, 0.79, (0.56, 0.71, (0.67,0.80, (0.17,0.34, (0.46,0.63, (0.55, 0.72, (0.56, 0.71, (0.58, 0.73, (0.33,0.49, (0.34,0.51, (0.24,0.34,
c,
0.82,0.93) 0.74,0.86) 0.84,0.94) 0.34,0.52) 0.66,0.79) 0.74,0.86) 0.71,0.87) 0.73,0.88) 0.50,0.66) 0.51,0.68) 0.37,0.51)
(0.40,0.58, (0.3,0.5, (0.67,0.80, (0.41,0.59, (0.67,0.80, (0.63,0.76, (0.56,0.71, (0.16,0.32, (0.07,0.17, (0.49,0.66, (0.41,0.59,
C6 0.58, 0.77) 0.5, 0.7) 0.83, 0.93) 0.59, 0.77) 0.84, 0.94) 0.83,0.89) 0.74,0.86) 0.32,0.49) 0.20,0.33) 0.66,0.83) 0.59, 0.77)
(0.66,0.79, (0.371,0.525, (0.23,0.41, (0.49,0.66, (0.1,0.25,
C7 0.82,0.93) 0.553,0.678) 0.41,0.63) 0.66,0.83) 0.25,0.4)
(0.3,0.5, (0.49,0.66, (0.09,0.14, (0.49,0.66, (0.40,0.58, (0.74,0.86,
0.5,0.7) 0.66,0.83) 0.21,0.34) 0.66,0.83) 0.58,0.77) 0.93,0.97)
130000 80000 1'XXXXl 10ססoo znm 60000 120000
4.3.3 Tram/ormation of objective and SJbjective
attributes into cri~ values
In Tabs. 11 and 12, the two objective datasets are in-
vestment and operating cost. These data were ob-
tained during a brainstorming session with a group of
three experts from the operations department of a port
in Europe whose backgrounds were presented in Sec-
tion 4. 3. 1. All the values obtained are in units of
British Pound Sterling (BRP£). Based on the results
presented in Tab. 11 , the fuzzy numbers are converted
into crisp values using Eq. (21) and the results are
presented in Tab. 13.
4.3.4 NormalilB the aeaeon matrix
Using Eq. (3) , the fuzzy decision matrix presented in
Tab. 13 is normalised. The results are presented in
Tab. 14. As an example, the normalised recovery
cost with respect to RSI is presented as follow
0.573 x (0.5732 +0.8092 +0.418 2 +0.3382 +
0.727 2 +0.3322 +0.775 2 +0.6772 +0.323 2 +
1
0.8092 +0.75 2 ) -2 =0.277
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Tab.13 Transformeddecision matrix
Operating cost Recovery cost Safety Security Investment cost Reliability Operating time Consequence
RS1 500000 0.573 0.799 0.864 1000ססoo 0.864 0.799 0.583
RS2 200000 0.809 0.716 0.610 1000000 0.864 0.529 0.500
RS3 130000 0.418 0.810 0.439 820000 0.806 0.423 0.806
RS4 80000 0.338 0.338 0.800 980000 0.491 0.662 0.588
RSs 190000 0.727 0.635 0.667 610000 0.717 0.250 0.809
RS6 100000 0.332 0.711 0.718 650000 0.662 0.500 0.775
RS7 140000 0.775 0.714 0.668 1500000 0.859 0.662 0.717
RSs 220000 0.677 0.731 0.922 3000000 0.727 0.199 0.323
RS9 60000 0.323 0.496 0.341 1200000 0.500 0.661 0.194
RSlO 120000 0.809 0.509 0.717 2000000 0.618 0.582 0.661
RSll 90000 0.750 0.369 0.653 750000 0.806 0.869 0.588
Tab.14 Normalised decision matrix
Operating cost Recovery cost Safety Security Investment cost Reliability Operating time Consequence
RSt 0.742 0.277 0.376 0.376 0.916 0.356 0.406 0.282
RS2 0.297 0.391 0.337 0.265 0.091 0.354 0.269 0.242
RS3 0.193 0.202 0.381 0.191 0.007 0.332 0.214 0.389
RS4 0.119 0.163 0.159 0.348 0.089 0.202 0.336 0.284
RSs 0.282 0.351 0.298 0.290 0.056 0.295 0.127 0.391
RS6 0.148 0.160 0.335 0.312 0.059 0.272 0.255 0.374
RS7 0.208 0.374 0.336 0.391 0.137 0.354 0.337 0.346
RSs 0.342 0.326 0.344 0.402 0.273 0.299 0.101 0.156
RS9 0.090 0.155 0.233 0.149 0.110 0.206 0.337 0.093
RSlO 0.178 0.391 0.240 0.312 0.183 0.254 0.296 0.319
RSll 0.134 0.362 0.174 0.286 0.068 0.332 0.443 0.284
4.3.5 E!!tablim the 'Weighted nonnalired aeason pie, the weighted normalised operating cost for RS1 is
matrix given as follow
This is achieved by multiplying the normalised deci- Vll =0. 742 xo. 101 =0. 075
sion matrix and the weights of the criteria or attributes In a similar manner, the weighted normalised deci-
in the matrix, as described in Eq. (23). As an exam- sion matrix is calculated and presented in Tab. 15.
Tab. IS Weighted normalised decision matrix
Operating cost Recovery cost Safety Security Investment cost Reliability Operating time Consequence
RS1 0.075 0.050 0.076 0.020 0.052 0.079 0.018 0.041
RS2 0.030 0.070 0.068 0.013 0.005 0.079 0.012 0.035
RS3 0.019 0.036 0.077 0.009 0.003 0.074 0.009 0.056
RS4 0.012 0.029 0.032 0.017 0.005 0.045 0.015 0.041
RSs 0.028 0.063 0.060 0.014 0.003 0.065 0.005 0.056
RS6 0.015 0.029 0.068 0.015 0.003 0.060 0.011 0.054
RS7 0.021 0.067 0.068 0.019 0.008 0.079 0.015 0.050
RSs 0.035 0.058 0.070 0.020 0.016 0.066 0.005 0.022
RS9 0.009 0.028 0.047 0.007 0.006 0.046 0.015 0.013
RSlO 0.018 0.070 0.049 0.015 0.010 0.056 0.013 0.046
RSll 0.014 0.065 0.035 0.014 0.004 0.074 0.020 0.041
4.3.6 Obtaining the di!!tances of fuzzy posuv« the reverse of the FPIS in relation to this representa-
and negative ideal rolution tion, as presented in Tab. 16. The distances of each
Determination of FPIS can be made by taking the lar- resilience strategy from FPIS and FNlS with respect to
gest element of each benefit criterion and the smallest each criterion are calculated using Eqs. (28) and
element of each cost criterion. Ultimately, FNlS is (29). As an example, the calculation process for RSI
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Tab. 16 Representation of fuzzy positive and
negative ideal solution values
are calculated by using Eqs. (28) and (29) and the
results are presented in Tab. 17.
is presented as follows
D + =[(O. 009 - O. 075 ) 2 + (0. 028 - O. 050) 2 +
( O. 077 - O. 076 ) 2 + (0. 020 - O. 020 ) 2 +
(0.003 - O. 052 ) 2 + (0.079 - 0.079) 2 +
(0.005 -0.018)2 + (0.013 -0.041)2J1I2 =
0.091
D - = [ (O. 075 - O. 075 ) 2 + (0. 070 - O. 050) 2 +
(0.032 - O. 076 ) 2 + (0.007 - O. 020 ) 2 +
(0. 052 - O. 052 ) 2 + (0. 045 - O. 079 ) 2 +
(0.020-0.018)2 + (0.056 -0.041)2J1I2 =
0.062
In a similar manner, the values of other alternatives
Criteria
Operating cost
Recovery cost
Safety
Security
Investment cost
Reliability
Operating time
Consequence
Positive ideal solution
0.009
0.028
0.077
0.020
0.003
0.079
0.005
0.013
Negative ideal solution
0.075
0.070
0.032
0.007
0.052
(J. 045
0.020
0.056
Tab. 17 Distance of each alternative from the positive and negative ideal solutions
RS1 RS2 RS3 RS. RSs RS6 RS7 RSH RS" RS", RS11
D+ 0.091 0.054 0.047 0.064 0.061 0.047 0.057 0.045 0.048 0.066 0.065
D- 0.062 0.085 0.098 0.091 0.078 0.097 0.087 (J.080 0.102 0.075 0.085
4.3.7 Calculation of clos:;ness coefficient of each
alternative
Based on the obtained results in Section 4. 3. 6, the
closeness coefficient of each alternative can be calcu-
lated using Eq. (30). The results of the calculations
are shown in Tab. 18. From Tab. 18, each instance of
the analysis result produces different values for each
RS that correspond to the strategic decisions of ex-
perts. Evidently, the result of the calculations re-
vealed that RSq , RS3 and RS6 scored the highest CC
values compared to the remaining alternatives or strat-
egies.
Tab. IS CC results and ranking order of resilience strategies
RS1 RS2 RS3 RS. RSs RS6 RS7 RSH RS" RSl lI RS11
CC value 0.410 0.612 0.676 0.587 0.561 0.674 0.604 0.640 0.680 0.532 0.567
Rank 11 5 2 7 9 3 6 4 10 8
4.3.8 Rannng the preference order
Following the evaluation of closeness coefficient CCi
in Section 4.3.7, by comparing the CCi values of the
eleven alternatives as shown in Tab. 18, the ranking
order of the resilience strategies is given as RS') >
RS3 > RS6 > RSg > RS2 > RS7 > RS4 > RS11 > RSs >
RSIO > RS1• Additionally, Fig. 5 is obtained based on
the analysis result presented in Tab. 18. It is notewor-
thy to mention that the procedure outlined in the pro-
posed framework revealed that RS'), RS3 and RS6 have
the highest closeness coefficient values of O. 680,
0.676 and 0.674 respectively in the calculations.
4.3.9 Conduct a s:;nstivity &udy
By increasing the weight of each criterion, the chan-
ges of the model' s output results are observed. The
sensitivity of the alternatives has been analysed when
reliability, safety, recovery cost, investment cost,
operating cost, security, operating time and conse-
quence are increased by 20%; the result obtained is
presented in Fig. 6.
0.8 r-
lJ
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>
o
u 0.3
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0.1 ~
0 [ ----'-
RS, RS, RS, RS, RS. ss;
Resilience strategies ranking
Fig. 5 Ranking order of the resilience strategies
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5 Discussion of results and experImen-
tal analysis
In this study, sensitivity analysis is implemented to
see the effect in the output data given an increase in
the input data. The performance of the alternatives
has been analysed when reliability (Ct ) , safety
( C2 ) , recovery cost (C3 ) , consequence (C4 ) , op-
erating cost (Cs ) , investment cost (C6 ) , security
( C7 ) and operating time (Cs ) are increased by
20%.
Figure 6 depicts the changes in the final ranking of
the resilience strategies when criteria weights are
changed. Increasing reliability (Ct ) by 20% modi-
fies the rank of the first three resilience investment
strategies as RS9 (0. 682), RS3 (0. 668) and RS6
(0.665). Increasing safety (C2 ) by 20% modifies
the rank as RS9 (0. 686), RS3 (0. 674) and RS6
Andrew John at a!.
(0.668). Increasing recovery cost (C3 ) by 20%
modifies the rank as RS9 (0.684) , RS3 (0.672) and
RS6 (0.663). Increasing consequence (C4 ) by 20%
modifies the rank as RS9 (0.678), RS3 (0.667) and
RS6 (0.655). Increasing operating cost ( Cs ) by 20%
modifies the rank as RS9 (0.689), RS3 (0.675) and
RS6 ( O. 669 ). Increasing investment cost (C6 ) by
20% modifies the rank as RS9 (0.683) , RS3 (0.667)
and RS6 (0.664). Increasing security by 20% modi-
fies the rank as RS9 (0.688) , RS3 (0.674) and RS6
( O. 668 ). Similarly, increasing operating time (Cs )
by 20% modifies the rank as RS9 (0. 683), RS3
(0.674) and RS6 (0.662). The analysis revealed that
almost all of the changes in the weight of each criteri-
on do not change the fmal ranking of the resilience
strategies. Although other changes can be seen in
Fig. 6, the final ranking remains the same, with RS9 ,
RS3 and RS6 obtaining the highest values in the calcu-
lations.
Based on the result obtained from this analysis, the
resilience of the port under investigation can be
improved by implementing RS9 ( L e. increasing staff-
ing in safety-critical areas and prioritising training in
order to increase knowledge, experience, flexibility
and redundancy. Eventually, this requires manage-
ment actions to increase budgets and staffing to ac-
commodate high capacity tolerance in the system).
However, implementing RS3 (L e. hardening infra-
structure systems), especially during the design and
construction phase of the port's new container termi-
nal expansion and redevelopment, can promote struc-
tural integrity and enhance the resilience of its opera-
tions to man-made and natural hazards; whilst imple-
menting RS6 (L e. providing organisational and tech-
nical redundancy in the form of parallel systems that
can be designed and constructed to resume operation
when the original system fails) can help to improve
the resilience of the system.
As discussed in Section 2, investing in RS seems to
be an important strategy to mitigate security issues un-
der a fuzzy environment. Therefore, the result of the
analysis is envisaged to help maritime infrastructure
analysts improve the capability of seaport systems to
cope with unexpected surprises and allows for a
flexible response to operational uncertainties in a
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systematic manner.
6 Conclusions
Several strategies must be considered in terms of dif-
ferent conflicting criteria in the resilience investment
selection problems. This paper has presented a collab-
orative modelling and strategic fuzzy multiple attribute
decision making method that can be implemented for
the selection of appropriate resilience strategies in a
succinct, logical and transparent manner against mul-
tiple scenarios where information available is subjec-
tive and imprecise. The strength of this strategic deci-
sion making approach is that both heterogeneous and
homogeneous groups of experts can be utilised and
their subjective opinions can aggregated in a simpli-
fied manner.
In the evaluation process, fuzzy AHP is applied to
determining the weights of the criteria, and a fuzzy
TOPSIS algorithm is implemented to rank the RS or
alternatives. To support a strategic fuzzy decision on
the selection process, fuzzy AHP and fuzzy TOPSIS
need to be utilised to handle multiple organisational
objectives, complex decision making and long-term
consequences of disruption to maritime operations.
The proposed approach can be applied to situations
where diverse sets of data have to be integrated and
synthesized. Since the decision making process is sen-
sitive to the number of participants and their expertise
with the subject matter, these should becarefully cho-
sen by maritime infrastructure designers and safety an-
alysts to minimise partiality and to avoid bias in the
decision making process.
The methodology has the following advantages
compared to other MCDM techniques: i ) it provides
researchers with an effective tool to evaluate subjec-
tive and vague situation using fuzzy scales; ii) it pro-
vides a flexible approach that can be adopted for use
in other marine related decision making problems;
iii) it is suitable for solving multiple attribute group
decision making problems under fuzzy situations; iv)
the sensitivity analysis provides the attitude of the al-
ternatives under different main criteria weights.
In future studies, the use of entropy theory may be
adopted to measure the amount of information in
choice sets, which supports the identification of the
relative importance of decision criteria. It may also be
conducted to model the context dependency among
criteria in order to obtain a consistent weight measure-
ment that will allow a rational decision on resilience
strategies.
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